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Escherichia coli O157:H7 is a human pathogen that resides asymptomatically in its bovine host. The level of Shiga toxin
(Stx) produced is variable in bovine-derived strains in contrast to human isolates that mostly produce high levels of Stx.
To understand the genetic basis for varied Stx production, chronological collections of bovine isolates from Wisconsin
dairy farms, R and X, were analyzed for multilocus prophage polymorphisms, stx2 subtypes, and the levels of stx2 tran-
script and toxin. The E. coli O157:H7 that persisted on both farms were phylogenetically distinct and yet produced little to
no Stx2 due to gene deletions in Stx2c-encoding prophage (farm R) or insertional inactivation of stx2a by IS1203v (farm X).
Loss of key regulatory and lysis genes in Stx2c-encoding prophage abolished stx2c transcription and induction of the pro-
phage and stx2a::IS1203v in Stx2a-encoding prophage generated a truncated stx2a mRNA without affecting phage produc-
tion. Stx2-producing strains were transiently present (farm R) and became Stx2 negative on farm X (i.e., stx2a::IS1203v). To
our knowledge, this is the first study that details the evolution of E. coli O157:H7 and its Stx2-encoding prophage in a
chronological collection of natural isolates. The data suggest the bovine and farm environments can be niches where Stx2-
negative E. coli O157:H7 emerge and persist, which explains the Stx variability in bovine isolates and may be part of an
evolutionary step toward becoming bovine specialists.
Escherichia coli O157:H7 is a leading cause of hemorrhagic coli-tis and hemolytic-uremic syndrome (HUS) in humans (1–5),
with Shiga toxin (Stx)-mediated cytotoxicity being central to
pathogenesis. Friedrich et al. showed that the clinical outcome of
infection depends on the stx genotype of the infecting strain (6).
There are two major antigenic forms (Stx1 and Stx2) that share
56% amino acid identity (7). Purified Stx2 is more toxic than Stx1
in murine infections (8), and the administration of Stx2 to ba-
boons leads to HUS, while comparable amounts of Stx1 do not
(9). Clinical strains harbor Stx1 and/or Stx2 or variant forms of
the toxins (Stx1c, Stx2, Stx2c, Stx2d, and Stx2e) in various com-
binations (6, 10), but isolates ofE. coliO157:H7 from human cases
of HUS are mostly linked to the presence of Stx2 (11).
In most Stx-producing E. coli, stxAB is present in lambdoid
prophage and controlled by the phage regulatory system (12, 13).
 remains as a prophage due to cI repression (14), and induction
occurs through RecA-mediated cI autocleavage following activa-
tion of the bacterial SOS response (15, 16). The early regulators,
including the antiterminator Q, control transcription of the late
promoter PR= and the synthesis of polycistronic mRNA encoding
for late-phage functions (morphogenesis and lysis). The location
of stxAB, downstream of PR= and upstream of lysis genes, is con-
served among most of the sequenced Stx-encoding phages (17).
As a result, transcription of stxAB is mainly regulated by the Q-de-
pendent late promoter PR= (18) and is coupled to the lytic replica-
tion of  (13, 19).
Studies have shown that Stx phage display wide genetic and
morphological variation and bacterial hosts of these prophage dif-
fer in the production of phage particles and toxin (20, 21). How-
ever, the principal integration sites of Stx phage are conserved, i.e.,
the yehV and wrbA loci for Stx1- and Stx2-encoding phage, re-
spectively (22). Recently, Eppinger et al. (23) further defined that
prototypical Stx2-encoding phages (termed BP-933W based on
the nomenclature of E. coli O157:H7 strain EDL933) are found at
the wrbA locus (or argW), while Stx2c-encoding phages are found
next to sbcB (e.g., E. coli O157 strain EC4115).
E. coli O157:H7 has extensive genome heterogeneity among
strains. Strain EDL933 contains 18 multigenic prophage re-
gions (24). Ohnishi et al. performed a comparative analysis of
O157 strains using whole-genome PCR scanning and deter-
mined that structural variation in the prophage regions is a
major determinant in genome diversity (25). The presence of
multiple lambdoid prophage in a genome with homologous
genes facilitates interphage recombination and chromosomal
rearrangements (26).
Genome-wide genotyping found that E. coli O157:H7 has
diverged into three primary lineages: designated lineage I, lin-
eage I/II, and lineage II (23, 27, 28). These three lineages differ
in their association with human disease. Lineage I strains are
commonly associated with human infection and have a bovine
origin. Lineage I/II strains are predominantly isolated from
humans and include the multistate “spinach” outbreak (28,
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29). Lineage II strains are primarily bovine isolates from North
America (27, 30). Each lineage has a specific combination of
stx1 and/or stx2 genes or variant stx genes (23, 31): lineage 1
strains carry both stx1 and stx2 (i.e., EDL933 and Sakai strains),
lineage I/II strains carry both stx2 and stx2c genes, and lineage II
usually carries stx1 and stx2c genes (30, 31). Zhang et al. dem-
onstrated that lineage I and I/II strains produce significantly
more Stx2 than lineage II strains. Furthermore, among lineage
I strains, a higher level of Stx2 was produced by isolates from
human than from cattle (31), implying that genotypic and phe-
notypic properties of Shiga toxin production in bovine E. coli
O157:H7 appears distinct from clinical isolates.
To further delineate the evolution and genetic variations in
Shiga toxin production in bovine isolates, chronological collec-
tions of E. coliO157:H7 isolates from two Wisconsin dairy farms
(32, 33) were analyzed. Genomic subtyping of isolates using
XbaI restriction endonuclease digestion profiles (REDP) found
9 and 10 different O157 REDP groups on farms X and R, re-
spectively. In the present study, 17 strains representing the
different REDP groups from both farms were analyzed using a
combination of prophage polymorphism-based typing and ge-
netic characterization of Stx2 production. Each farm had a
distinct phylogenetic history of E. coli O157:H7 but was com-
monly predominated by strains impaired in the production of
Stx2. Stx2-negative strains resulted from sequential inactiva-
tion of Stx2 prophage over time, and these strains persisted in
the bovine and farm environments.
MATERIALS AND METHODS
Bacterial strains and culture methods. Seventeen bovine isolates repre-
senting the REDP types identified on farms R and X were selected for
analysis (Table 1). Fifteen strains with different REDP were isolated from
1994 to 2001 on farm R (32–34), and 11 were included in this analysis.
Likewise, 9 strains with unique REDP were isolated from farm X during
1994 to 1996, and 6 were selected for inclusion in the present study. E. coli
O157:H7 EDL933 (ATCC 43895) and E. coli O157:H7 FRIK966 (ATCC
BAA-1882) were included as reference strains. In addition, 62 isolates
displaying REDP 9 from farm X (33) were analyzed for the presence of
stx2::IS.
Cultures were grown at 37°C in Luria-Bertani (LB) broth, with shak-
ing at 180 rpm, or on LB agar. Unless noted, the strains were initially
grown overnight in 2 ml of LB broth, transferred to 5 to 10 ml of LB broth
in a 250-ml flask, and incubated to the desired optical density at 600 nm
(OD600).
In silico analysis of prophage regions and primer design. Compara-
tive genomic analysis of EDL933 and other sequenced O157 strains (Ref-
Seq [National Center for Biotechnology Information]) was performed
using a synteny map interface in the MaGe genome browser, which sche-
matically aligns local regions of the multiple O157 genomes. Specifically,
synteny maps of 10 lambdoid prophage regions, including BP-933V, BP-
933W, CP-933O, CP-933R, CP-933C, CP-933N, CP-933X, CP-933P, CP-
933M, and CP-933U (24) were generated, and each prophage region was
inspected to identify loci or genes that varied between the different O157
genomes. Based on the EDL933 chromosomal sequence, 48 pairs of PCR
primers were designed to amplify nonoverlapping segments or genes
within the identified variable regions. For prophage that displayed higher
variability among genomes (CP-933O, CP-933R, and CP-933C), primer
pairs amplifying longer chromosomal segments (3 to 5 kb) were designed
to permit the detection of multiple genetic changes. For the remaining
prophages, primer pairs targeted a single gene. The 48 pairs of primers are
listed in Table S1 in the supplemental material.
PCR analysis of prophage polymorphism.PCR was carried out using
an AccuPrime Pfx SuperMix (Invitrogen, Grand Island, NY) for the am-
plification of 3- to 5-kb target sequences and BioReady rTaq DNA poly-
merase (Bulldog Bio, Inc., Portsmouth, NH) for shorter amplicons ac-
cording to the manufacturer’s protocols. PCR conditions were 5 min at
94°C and 30 cycles of 94°C for 30 s, 54°C for 30 s, and 72°C for 1 to 5 min,
depending on the amplicon sizes, followed by a 5-min extension at 72°C.
Portions (50 ng) of genomic DNA (gDNA) from overnight cultures were
used as a template in each PCR. In EDL933, all primer pairs yielded am-
plicons of the expected sizes when analyzed by gel electrophoresis. For 3-
to 5-kb amplicons, additional confirmation of binding of the primer pairs
to the correct target sequence was done by analyzing restriction digestion
profiles of the PCR products.
The presence or absence of DNA target sequences in strains was de-
termined by comparing the amplified PCR product with the amplicon size
obtained with EDL933 DNA. Strains that yielded PCR products of iden-
tical size to those obtained with EDL933 were considered conserved.
Strains with DNA target sequences that generated no PCR product or one
with a different size than EDL933 were considered to have modified tar-
gets, such as a deletion or sequence divergence. For 3- to 5-kb amplicons,
a restriction enzyme that cut each PCR product once or twice was chosen
by sequence analysis and used to confirm PCR products. All PCR-negative
reactions were confirmed by repeating the assay.
Sequence analysis of stx2. The nucleotides stx2-F1 (5=-GGG TCT
GGT GCT GAT TAC TTC) and stx2-R1 (5=-GTT ACC CAC ATA CCA
CGA ATC AG) were used to amplify a 1,314-bp fragment of the entire
stxAB2 sequence in EDL933 (Fig. 1A). stx2-F1 anneals at a 42- to 23-bp
upstream region of the ATG start codon of the stxA2 gene. stx2-R1 anneals
at a 9- to 31-bp downstream region of TGA stop codon of stxB2. For
shorter sequencing templates, PCR with an alternative primer pair,
stx2-F1 and stx2-R3 (5=-AAC ATC TTC TTC ATG CTT AAC TCC) was
used to amplify a 1,027-bp fragment 5= proximal to stxAB2. Similarly, a
primer pair of stx2-F3 (5=-CAC TCA CTG GTT TCA TCA TAT CTG) and
stx2-R1 was used to obtain an 812-bp fragment 3= proximal to stxAB2.
PCR template was prepared from gDNA extract derived from each strain.
KOD Hot Start DNA polymerase (Novagen, Darmstadt, Germany) was
used according to the manufacturer’s protocol. The purified PCR prod-
ucts were directly sequenced in both directions.
PCR analysis for the integration site of Stx2-encoding phages. A
primer pair of wrbA-R (5=-CCA GTA CCG GTG GAA CTA AAG AC-3=)
and intstx2a-F (5=-GGT ATT AAC TAC GCG GTA AGC TCC-3=) ampli-
fying the 646-bp region across wrbA and the adjacent integrase gene (int)
in EDL933 was used to determine whether the integration site of the Stx2a
phage in the farm strains was conserved. A primer pair of sbcB-R (5=-GAC
AAT CTC TTC CGC GTA CTG-3=) and intstx2c-R (5=-GTC TGG CAT
CCT TCA AAG ACA G-3=) amplifying the 1,805-bp region across sbcB
and int of the Stx2c phage in EC4115 was used to determine the integra-
tion site of Stx2c phages. Genomic DNA from the farm strains was ana-
lyzed by multiplex PCR using both primer pairs (5 mol each per reac-
tion). The following PCR conditions were used: 5 min at 94°C and then 23
cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 1 min, followed by a
5-min extension at 72°C. Amplicons of the wrbA-int and sbcB-int were
analyzed by 1% agarose gel electrophoresis.
PCR screening for stx2::IS1203v. Cultures were grown on LB agar
plates overnight at 37°C, and colonies were used as a PCR template. The
PCR conditions included 5 min at 94°C and 30 cycles of 94°C for 30 s, 54°C
for 30 s, and 72°C for 3 min, followed by a 5-min extension at 72°C.
stx2-F3 and stx-R3 (Fig. 1A) were used to screen for the 1.3-kb IS1203v
insertion. The size difference between 523 and 1,823 bp (with IS insertion)
was analyzed by 1% agarose gel electrophoresis.
RNA extraction. To analyze the level of stx2 transcript, an overnight
culture was diluted 100-fold (OD600 of0.04) and grown to an OD600 of
0.5 to 0.7. At this point, mitomycin C (MMC) was added to the culture at
a concentration of 1 g/ml. Cells from MMC-treated cultures were har-
vested after 2 h of incubation, while untreated control cells were collected
at the same time, pelleted by centrifugation, and stored at 20°C. Total
RNA was extracted with TRI Reagent (Sigma-Aldrich, St. Louis, MO)
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TABLE 1 Polymorphic prophage patterns of E. coli O157:H7 isolates examined in this studya
Phage
Target
locus EDL933
PPP (strain, REDP)
Farm R Farm X
1994 1995-1996 1999 2000-2001 1994 1995-1996
783
25
920
1
944
3
1540
7
966
3
2417
30
2455
31
2467
32
2065
33
2069
34
2533
36
427
19
606
20
804
29
1275
9
1707
12
1625
10
BP-933V V1                  
V2                  
CI                  
CII                  
V3                  
stx1                  
V4                  
BP-933W W1                  
W2                  
CI                  
CII                  
stx2                  
W4                  
W5                  
W6                  
CP-933O O1                  
O2                  
O3                  
O4                  
O6                  
O7                  
O8                  
O9                  
O16                  
O17                  
CP-933R R1                  
R3                  
R4                  
R5                  
CP-933C C1                  
C2                  
C3                  
C4                  
C5                  
C6                  
CP-933N N1                  
N2                  
N3                  
N4                  
CP-933X X1                  
X2                  
CP-933P P1                  
P2                  
P3                  
CP-933M M1                  
M2                  
CP-933U U1                  
U2                  
a To determine the polymorphic prophage pattern (PPP), a PCR product of the same size as the reference strain, EDL933, was scored as “” (present, conserved). Positive results
are highlighted for emphasis. –, negative PCR result or different product size. Values are grouped by farm, collection year(s), and “strain, REDP.” Strains are identified by the Food
Research Institute-Kaspar (FRIK) culture collection number. The restriction enzyme digestion profile (REDP) was determined by pulsed-field gel electrophoresis (32–34).
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according to the manufacturer’s protocol. The final RNA pellet was resus-
pended in 100 l of nuclease-free water. The RNA concentration was
determined by measuring the OD260. Triple measurements were per-
formed for each RNA sample, and an average value of the concentration
was calculated. RNA was digested with RQ1 RNase-free DNase reagent
(Promega, Madison, WI) according to the manufacturer’s instructions
and tested for possible DNA contamination by a control PCR prior to use
in reverse transcriptase PCR (RT-PCR). Three independent RNA extracts
were analyzed by RT-PCR.
RT-PCR. Semiquantitative RT-PCR was performed using the Access
Quick RT-PCR system (Promega). The RT-PCR (25 l) contained the
following components: 300g of DNA-free RNA, 10 pmol of forward and
reverse primers, and 0.5 U of RT. cDNA synthesis was conducted at 52°C
for 45 min. The following cycle conditions were used for the subsequent
PCR: 30 s at 94°C, 30 s at 54°C, and 60 s at 72°C for extension. The
annealing temperature and number of cycles varied depending on the
primers used and the level of target RNA to ensure that the comparisons
were performed in the linear range of the amplification; 23 cycles for stx2
and 18 cycles for 16S rRNA. 16S rRNA was used as an internal control to
confirm that equal amounts of RNA were used in reactions. Portions (10
l) of each RT-PCR product were analyzed by 1.5% agarose gel electro-
phoresis, and bands were visualized after staining with ethidium bromide.
Two different pairs of primers were used to monitor stx2 expression (see
Fig. 1A). The primers stx2-F3 (5=-CAC TCA CTG GTT TCA TCA TAT
CTG) and stx2-R3 (5=-AAC ATC TTC TTC ATG CTT AAC TCC) were
used to amplify the 461- to 985-bp region of stxAB2, which extends to the
first 14 bp of the B subunit gene. The primer pair stx2-F2 (5=-ACC GGG
CAG TTA TTT TGC TGT GGA) and stx2-R2 (5=-GAA AGT ATT TGT
TGC CGT ATT AAC GA) amplified the 201- to 333-bp region of stxA2 in
EDL933 and was used for screening truncated stx2 mRNAs due to an IS
insertion (see below). The oligonucleotides used to amplify 16S rRNA
were 16S-F (5=-ATA CCT TTG CTC ATT GAC GTT ACC) and 16S-R
(5=-CCA GTC ATG AAT CAC AAA GTG GTA AG).
Western blot analysis for Stx2. Protein from cell-free culture super-
natants were precipitated by adding a 4 volume of 10% trichloroacetic
acid in acetone containing 0.07% -mercaptoethanol, followed by incu-
bation for 1 to 2 h at20°C. Protein precipitate was pelleted at 13,000
g (4°C) and washed with cold acetone. Proteins were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and sub-
sequently transferred to a polyvinylidene difluoride membrane (0.2-mm
pores; Bio-Rad, Hercules, CA) in transfer buffer (25 mM Tris base, 192
mM glycine, 20% [vol/vol] methanol). Membranes were blocked over-
night in Tris-buffered saline–Tween 20 (TBST; 150 mM NaCl, 2.7 mM
KCl, 25 mM Tris base, 0.05% [vol/vol], Tween 20; pH 7.4) supplemented
with 5% (wt/vol) dried skim milk (Difco, Detroit, MI) at 4°C. Membranes
were incubated with mouse anti-Stx2 monoclonal antibody (ATCC CRL-
1907) in TBST and subsequently incubated with a secondary antibody
conjugated to alkaline phosphatase (Promega). The Stx2-antibody com-
plex was visualized with a solution of 0.165 mg of BCIP (5-bromo-4-
chloro-3-indolylphosphate) p-toluidine salt (Promega)/ml and 0.33 mg
of nitroblue tetrazolium chloride (Promega)/ml in alkaline phosphatase
buffer (100 mM Tris-Cl [pH 9.5], 100 mM NaCl, 5 mM MgCl2). DnaK
was used as a control to ensure equal loading of protein between samples
and was detected by using a monoclonal antibody (Enzo Life Sciences,
Farmingdale, NY).
Prophage induction. Overnight cultures were diluted 1:100 (final
OD600 of 0.04) and grown to an OD600 of 0.5 to 0.7, and MMC was
added to a final concentration of 1 g/ml. After 18 h of incubation, un-
lysed cells and debris were removed by centrifugation (6,000 g, 15 min,
4°C). Cell-free supernatants from uninduced cells were collected as a con-
trol. Supernatants were filtered through 0.22-m-pore-size membrane
filter (Millipore, Billerica, MA) and stored at 4°C. The cell-free superna-
tant was further processed for Stx detection and phage purification as
described below.
Phage purification. Phage particles induced by MMC were precipi-
tated by the addition of 20% polyethylene glycol 8000 (PEG) and 10%
NaCl to the cell-free culture supernatants prepared as described above for
prophage induction. The mixture was incubated at 4°C overnight and
then centrifuged at 10,000  g for 1 h to pellet the phage particles. The
pellets were suspended in SM buffer (0.58% NaCl, 0.25 MgSO4·7H2O, 1
M Tris-Cl [pH 7.5], 0.01% gelatin) (35) and stored at 4°C.
SDS-PAGEandprotein band identification.Phage particles were sol-
ubilized in 4 SDS loading buffer, boiled for 5 min, and applied to an
SDS– 4 to 12% polyacrylamide gel (Invitrogen). The protein bands were
visualized by staining with Coomassie blue. To identify protein bands, the
band of interest was excised from the gel and digested in gel (http://www
.biotech.wisc.edu/facilities/massspec/). The molecular masses of the pro-
tein fragments were determined by matrix-assisted laser desorption ion-
ization-time-of-flight mass spectrometry (MALDI-TOF MS). The
protein band was identified by BLAST using the EDL933 genome (http:
//blast.jcvi.org/cmr-blast/). In cases with multiple homologs in the
EDL933 genome, a manual differentiation based on single amino acid
polymorphisms was used.
Electron microscopy. Phage particles collected by PEG-NaCl precip-
itation were suspended in SM buffer, and a 5-l drop of the phage sus-
pension was placed on copper grids with carbon-coated Formvar films
and negatively stained with 0.8% phosphotungstate (36, 37). Samples
were examined at30,000 to150,000 magnifications using a transmis-
sion electron microscope (Hitachi H-600) operated at 75 kV.
RESULTS
Lineage and prevalence of E. coli O157:H7 isolates. The separa-
tion of E. coli O157:H7 strains into different lineages was based
upon octamer-based genome scanning (27). Clades of human
outbreak strains (lineage I [LI]) and bovine isolates (lineage II
[LII]) were identified. In the present study, strains EDL933 and
FRIK966 were used as reference LI and LII strains, respectively.
Prophage polymorphisms are effective targets when combined
with an open-array PCR platform for subtyping E. coli O157:H7
(38). Using a similar approach, 10 prophage regions that vary in
O157 genomes were used to design a set of 48 prophage gene
markers to characterize the polymorphic prophage pattern(s)
(PPP) of E. coli O157:H7. The PPP of representative strains with
different REDP from two Wisconsin farms are shown in Table 1.
FIG 1 (A) Map of IS1203v insertion in stxAB2. The stx2-F2, stx2-F3, stx2-
R2, and stx2-R3 primers were used in various combinations for PCRs to
map the integration site and size of IS1203v. The stx2-F1 and stx2-R1
primers were used for sequencing. IRR and IRL represent inverted repeats
flaking IS1203v. (B) PCR screening of 1.3-kb IS1203v insertion in strains.
Lanes: M, 1-kb marker (Promega); 1, EDL933; 2, FRIK804; 3, FRIK1275; 4,
FRIK1707; 5 and 6, two strains with REDP 9. stx2-F3 and stx2-R3 were used
as primers.
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Farm R strains isolated over an 8-year period had relatively con-
served PPP with 91% similarity. These results are consistent
with reported similarities in REDP (86 to 100%) among these
strains (32–34). Based upon their similarities with the PPP of
FRIK966, these strains were assigned to LII. Farm R LII strains
have genetic alterations in several prophage regions. In particular,
BP-933V and BP-933W loci displayed significant divergence,
while maintaining stx1 and stx2 (Table 1). This lineage of strains
persisted and remained endemic on farm R for an 8-year period
despite the sporadic introduction or appearance of different
strains (i.e., FRIK2417). FRIK2417 appears to be distantly related
to the LII strains based on its PPP, including negative PCR results
for CII, Stx1, and V4 in the phage BP-933V. This strain was tran-
siently present in 1999 but was not isolated in subsequent years
(34).
The PPP of E. coli O157:H7 isolates from cattle on farm X were
more diverse (Table 1). FRIK427 and FRIK606 represent REDP
groups isolated in 1994 (32). These strains exhibited PPP similar
to LII from farm R but lacked stx1. Later in the same year, strains
exhibiting REDP29 (i.e., FRIK804) dominated (100% of isolates
recovered) (32). FRIK804 had a PPP identical to EDL933 (Table
1); thus, it is likely an LI strain. However, E. coli O157:H7 strains
exhibiting REDP29 were not isolated in subsequent years, but iso-
lates with different REDP were recovered (i.e., FRIK1275,
FRIK1707, and FRIK1625) (33). The REDP of FRIK804,
FRIK1275, and FRIK1625 were highly related (33). In addition,
the PPP of strains FRIK804, FRIK1275, and FRIK1707 were sim-
ilar, especially in BP-933W and BP-933V, which suggests that
FRIK1275, FRIK1707, and FRIK1625 are likely variants of
FRIK804. Furthermore, FRIK1275 and FRIK1707 contained a
transposon insertion in stx2 and FRIK1625 lacked BP-933W, in-
cluding stx2 (described in detail below). Collectively, E. coli
O157:H7 from two farms had distinct genotypic histories; LII
strains dominated on farm R for 8 years, while farm X featured the
introduction or appearance of new strains, as well as genetic turn-
over from LII to LI.
stx2 subtyping. Studies have shown that typical LI strains carry
canonical stx2 (stx2a for clarity), LII strains have stx2c, and LI/II strains
primarily carry both stx2c and stx2a (23, 31). To confirm the lineage
assigned by PPP, the stx2 subtype was determined. The entire coding
region of stxAB2 in each strain was sequenced. The sequences of stx2
of EDL933 (NP_286976.1) and FRIK966 (ZP_05951333.1) from the
NCBI database were used as reference sequences for stx2a and stx2c,
respectively. The predicted LI strains—FRIK2417, FRIK804,
FRIK1275, and FRIK1707—carried stx2a, while all LII strains from
farms R and X carried stx2c (100% nucleotide identity), which con-
firmed the PPP-based lineage prediction.
stx2 inactivation by IS insertion in LI strains from farm X.
Sequence analyses found that stx2 in FRIK1275 and FRIK1707
from farm X was disrupted by a 1.3-kb IS element (stx2a::IS) (Fig.
1A). The 1.3-kb IS was located 639 bp downstream from the ATG
start codon. The nucleotide sequences of the IS showed 100%
homology with IS1203v open reading frames a and b (GenBank
accession no. GU983682.2).
REDP 9 strains represented by FRIK1275 constituted 97% of
the O157:H7 isolates from that study period (33). All 62 REDP 9
isolates analyzed by PCR contained stx2a::IS1203v (Fig. 1B), dem-
onstrating the persistence of this stx2 genotype on farm X.
Gene loss in Stx2c-encoding prophage in LII strains. PPP in-
dicated that the LII strains significantly vary in their phage gene
content and sequence, especially in the Stx prophage in compari-
son to EDL933 (Table 1). We tested whether the Stx2c prophage
present in LII farm strains were related to the prototypical Stx2c
phage found in E. coli O157:H7 EC4115 (23). This phage was
shown to be distinctive from BP-933W in its gene content and
organization, as well as its chromosomal integration site (sbcB).
Thus, the presence of the sbcB-int junction characteristic of Stx2c
phage integration was initially determined (Fig. 2). The wrbA-int
junction indicative of Stx2a phage integration was also analyzed
by multiplex PCR (Fig. 2). The data clearly showed that LI strains
contain the wrbA-int junction, while LII strains possess the sbcB-
int junction. Subsequent in silico analysis revealed that the draft
genome of FRIK966 contained about 50 putative orthologues of
the 72 Stx2c phage genes found in the genome of EC4115 (D. Park
et al., unpublished data). At least half of the orthologues, includ-
ing integrase and Q genes, displayed 100% nucleotide identity
with the EC4115 counterparts. A majority of the missing genes
were related to phage lysis, replication, and recombination. To-
gether, these results suggest that the Stx2c phage from LII strains
and a prototypical lineage I/II strain EC4115 (23) are related to
each other but considerable genetic changes have occurred within
Stx2c prophage in LII bovine strains, resulting in functional inac-
tivation of the phages.
The farm R lineage II strains contained PPP similar to
FRIK966, and thus, similar defective Stx prophage. Subsequent
isolates had three additional deletions in PPP regions—BP-933V
(in the V4 region) and BP-933W (in the W2 and CI regions)—
indicating that modification in the Stx prophage continued at a
detectable rate.
Stx2 expression. The transcription of stx2 is controlled by the
Q-dependent late promoter PR=, and both production and release
of the toxin rely upon phage induction and host cell lysis (19, 39).
To determine whether the different stx2 genotypes and gene loss in
Stx2c prophage affected the level of stx2 transcription, semiquan-
FIG 2 PCR analysis of the integration site of Stx2-encoding phages. Genomic DNA purified from FRIK strains was analyzed by multiplex PCR. A primer pair,
intstx2c-R and sbcB-R, was designed to amplify the 1,805-bp region (band 1) across int in a Stx2c-encoding prophage and chromosomal sbcB. Another primer pair,
intstx2a-F and wrbA-R, amplified the 646-bp region (band 2) across int in a Stx2a-encoding prophage and chromosomalwrbA. Lanes: M, 1-kb marker (Promega);
EDL, 783, 920, etc., FRIK strains.
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titative RT-PCR was performed with total RNA recovered after
MMC induction. stx2-specific primers were designed for the re-
gion conserved in both stx2a and stx2c. stx2-F3/R3 primers
(Fig. 1A) were used to detect stxAB2 transcripts. RT-PCR showed
that a majority of the farm strains were impaired in stx2 expres-
sion; high levels of stx2 mRNA (comparable to that of EDL933)
were detected only in FRIK2417 and FRIK804, which encoded for
stx2a (Fig. 3). FRIK1275 and FRIK1707, with stx2a::IS1203v, did
not produce stxAB2 mRNA, but the presence of a truncated stx2
transcript, upstream of the IS insertion site, was detected by RT-
PCR using the stx2-F2 and stx2-R2 primers (Fig. 1A). The levels of
truncated stx2 transcript in these strains were comparable to the
levels of stx2 mRNA produced by EDL933 and FRIK804 (data not
shown). This indicated that the IS insertion did not alter tran-
scription initiation of stx2 but generated truncated transcripts.
Downregulation of stx2 expression in FRIK966 was identified
previously by microarray analysis (40). Consistently, basal levels
of stx2 mRNA were detected in all farm R lineage II strains (Fig. 3).
In addition, the two lineage II strains from farm X, FRIK427 and
FRIK606, expressed reduced amounts of stx2c. These results dem-
onstrated that stx2c transcription was impaired in lineage II strains
and was likely a consequence of gene loss in the Stx2c prophage.
The levels of Stx in cell lysates measured by Western blotting
correlated with the transcript levels of stx2 in each strain (Fig. 3).
As expected, strains that did not transcribe stx2 did not produce
toxin (Fig. 3). Consistent with the level of stx2 transcript, Stx2 was
produced by FRIK2417 and FRIK804 at higher levels than
FRIK427 and FRIK606. These analyses showed that a majority of
the farm strains were impaired in Stx2 production and that IS-
mediated inactivation of stx2 (i.e., FRIK1275 and FRIK1707) and
gene deletions in Stx2 prophage (i.e., lineage II strains from both
farms) were two mechanisms of abolishing or reducing Stx2 pro-
duction.
Stx2 phage production.The effects of stx2a::IS1203v and phage
gene deletions on phage production were examined. Purified
phage particles were analyzed by both SDS-PAGE and transmis-
sion electron microscopy (TEM). Phage production was promi-
nent only in EDL933 and strains FRIK804, FRIK1275, and
FRIK1707, all of which belonged to LI with identical PPP in BP-
933V and BP-933W except for stx2a::IS1203v in FRIK1275 and
FRIK1707 (Table 1 and Fig. 1). SDS-PAGE analysis detected10
different phage proteins that were induced in EDL933 and strains
FRIK804, FRIK1275, and FRIK1707 but absent in other strains
(Fig. 4A). MALDI-TOF analysis identified two prominent bands
(1 and 2) present in the four strains examined as 45- and 13.5-kDa
proteins encoded by Z1479 and Z1480 of BP-933W, respectively
(Fig. 4). TEM showed a single phage produced by EDL933 with a
hexagonal head outline approximately 50 to 60 nm in diameter
but no tail, a typical morphology of Stx2 encoding phage (35). The
phage produced by strains FRIK804, FRIK1275, and FRIK1707
were morphologically identical to the Stx2 phage from EDL933
(Fig. 5). The fact that FRIK1275 and FRIK1707 with stx2::IS1203v
produced Stx2 phage indicates that the IS insertion affected stx2
transcription but not downstream phage lysis genes. The farm R
LII strains did not produce detectable phage particles, confirming
that gene loss within their Stx2 prophage impaired the production
of phage. FRIK1625, which lacks Stx2 prophage, did not produce
phage particles. A few BP-933W-like phage were detected in PEG
samples from strains FRIK2417, FRIK427, and FRIK606 (not
shown) but were not investigated. Together, the TEM data indi-
cated that Stx2a prophage with stx2a::IS1203v was inducible,
whereas gene deletion in the Stx2c prophage abolished phage pro-
duction.
In summary, two distinct genetic defects were identified in
prophage within persistent bovine isolates of E. coli O157 exam-
ined in the present study, stx2a::IS1203v and loss of Stx2c prophage
gene(s), both of which impaired Stx production. These findings
demonstrate that Stx production of isolates cannot be predicted
solely on the presence of stx but must be determined by pheno-
typic analyses. In addition, Stx2 phage lysis is not always associ-
ated with toxin release as shown in the E. coli O157:H7 isolates
with stx2a::IS1203v.
DISCUSSION
Human infection by E. coli O157:H7 varies in clinical manifesta-
tions and severity depending upon host factors and the genetic
makeup of the bacterium. The phylogeny of E. coli O157:H7 is
comprised of three lineages (I, II, and I/II) with lineage-specific
virulence signatures, such as stx subtypes (23, 27, 28, 30). Strains
of bovine and human origin differ in their genomic makeup (23,
27, 40), expression of virulence genes (41), and pathology in ani-
mal models (42). A complete understanding of the genetic stabil-
ity and expression of virulence factors (e.g., Stx expression) in E.
coli O157:H7 in different hosts and environments is needed to
predict the virulence potential and emergence of new variants of
pathogenic E. coli.
This study defined the changes in prophage and Stx production
within a chronological collection of E. coli O157:H7 isolates from
FIG 3 RT-PCR and Western blot analysis of stx2 expression. stx2 mRNAs of EDL933 are shown in the first lanes of each panel. Total RNA was extracted from a
log-phase culture incubated for 2 h after mitomycin C addition. For each RT-PCR, 300 ng of total RNA was used to make cDNA, which was subsequently
amplified by PCR. The expression of stx2 mRNA was analyzed with stx2-F3 and R3 primer set (see Fig. 1A). 16S rRNA was used as an internal control for total
mRNA amount used in each RT-PCR. The presence or absence of Stx2 signal determined by Western blotting are indicated as “” (“/” for basal level
production) and “”, respectively. The experiments were repeated at least three times with similar results.
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two Wisconsin farms, which is summarized in Fig. 6 and Table S2
in the supplemental material. Each farm had a distinct phyloge-
netic history, but both were populated by strains impaired in the
production of Stx2. The data indicated that Stx-negative strains
resulted from sequential deletion or inactivation of stx or pro-
phage genes and that these strains persisted despite the presence of
strains with fully intact and functional stx2.
Strain EDL933 is a prototypical Shiga toxigenic E. coli O157
strain that produces Stx2 phage particles and Stx2. As shown in
Table S2 in the supplemental material, FRIK804 was the only
strain isolated with genotypic and phenotypic traits of Stx identi-
cal to EDL933 of the 17 REDP O157:H7 groups isolated from
these farms. FRIK804 was transiently present on farm X but re-
placed by Stx2-negative strains from other REDP groups. Overall,
there was a trend among sequential isolates for the loss of stx
expression and this genetic bias may represent the evolutionary
path of E. coli O157:H7 in bovine and farm environments.
Lineage II (LII) strains are over-represented by bovine isolates
(23, 27). Isolates collected over an 8-year period from farm R
belonged to LII (10 of the 11 O157:H7 REDP groups) with the
exception of strain FRIK2417 (Fig. 6 and see Table S2 in the sup-
plemental material). Stx genotypes of the LII strains were distinct
from those of the LI and carried stx2c and defective Stx2c pro-
phage. Gene deletions in Stx2c prophage abolished phage induc-
tion and reduced transcription and production of Stx2. LII strains
persisted on farm R for at least 8 years (33, 34). In contrast, strain
FRIK2417 produced Stx and was present on farm R for less than 1
year. These results indicated that the persistence of E. coli
FIG 4 SDS-PAGE and MALDI-TOF analysis of phage proteins. Phage particles were obtained by PEG precipitation of cell lysate from mitomycin C-treated
culture. (A) SDS-PAGE of Coomassie blue-stained phage proteins. Protein bands that were identified by MALDI-TOF are labeled as “1” and “2.” (B) Genes
encoding the sequenced protein. Z1479 and Z1480 are encoded in BP-933W. Matched peptides are shown in boldface. The 37-kDa protein band was identified
as OmpC, a major outer membrane protein (derived from outer membrane copurified with phage particles).
FIG 5 TEM of Stx2a phage particles. The phage from strains FRIK804 and EDL933 were similar, as predicted from the genotype data. Also, the phage from strain
FRIK1275 harboring stx2a::IS1203v was similar morphologically to the wild-type Stx2a phage (strains EDL933 and FRIK804). Phage particles were obtained by
PEG precipitation of cell lysate from mitomycin C-treated cultures.
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O157:H7 in cattle was independent of Stx production. In addition,
the loss of two additional Stx2 prophage regions (CI and W2) was
observed in farm R LII strains isolated during the later years of the
strain collection (Table 1). Given the genome-wide diversity in LII
strains (23, 40), the long-term persistence of LII strains in cattle
may indicate evolution toward “bovine specialists” and the loss of
Stx prophage may be a part of this process.
Similar to the findings with farm R strains, strains defective in
Stx2 production predominated on farm X; however, the underly-
ing genetic basis in the Stx2-negative strains and their emergence
differed from farm R strains (Fig. 6 and see Table S2 in the sup-
plemental material). Strains 427 and 606 producing Stx2 at low
levels (presumably due to defects in Stx2c prophage) were present
initially on the farm and were replaced by an Stx2-producing
strain (i.e., FRIK804). Strain 804 had a PPP identical to the refer-
ence LI strain EDL933 and produced high levels of Stx2 and the
Stx2 phage; however, this strain was transiently present (	6
months) and was replaced by Stx2-negative strains during the fol-
lowing years. FRIK1275 (REDP 9), which contained an IS inser-
tion in stx2, comprised 97% of the O157:H7 isolates during this
period (33). FRIK804 and FRIK1275 have common features, in-
cluding an inducible BP-933W (Fig. 4 and 5) and similar REDP
(33). Thus, it seems likely that REDP 9 strains evolved from
FRIK804. The emergence and dissemination of the strain with
stx2::IS suggested there was selection for strains impaired in Stx2
production. Based on the similarities in REDP (33) and genome-
wide IS insertion profiles (E. Stanton et al., unpublished data),
FRIK1625 is likely another variant of FRIK804 that is stx2 negative,
but in this case, because of the nearly complete deletion of BP-
933W genes (Table 1). Collectively, these data indicated that the
Stx2 prophage were deleted or that stx2 was inactivated during
their presence in cattle and farm environments. Such genetic
changes may contribute to long-term fitness of E. coli O157:H7
within its bovine host.
The first viable Stx2c-encoding prophage found in E. coli
O157:NM CB2851, a human fecal isolate (43) was phage 2851. It
differs from the prototypical Stx2a-encoding phages BP-933W in
its chromosomal integration site, phage morphology, and super-
infection immunity (43, 44). The Stx2c prophage found in lineage
I/II strains (i.e., EC4115) have gene content and architecture sim-
ilar to phage 2851 (23). In silico sequence comparison of the Stx2c
prophage from EC4115 and the prophage in FRIK966 revealed
100% nucleotide identities in key genes encoding for Stx2c, Q
antiterminator, and integrase despite other missing genes in the
Stx2c prophage from FRIK966. Using PCR screening methods, we
confirmed that the Stx2c prophages in the lineage II strains from
both farms are located in the sbcB locus, the preferential integra-
tion site of Stx2c phages (23, 43). These findings indicated that the
defective Stx2c prophage present in lineage II strains may have
resulted from the acquisition of a 2851-like Stx2 phage, followed
by the loss of phage genes.
Stx-mediated systemic vascular damage in receptor-bearing,
endothelial cells is linked to HUS in humans. The preferred recep-
tor for Stx is globotriaosylceramide (Gb3) present on the kidney
and brain cells of humans. The tolerance of calves and adult cattle
to E. coliO157:H7 infection is partially due to the lack of Gb3 (45).
Pathology in infected neonatal calves requires the locus enterocyte
effacement (LEE) and is independent of stx2 carriage (46). Fur-
thermore, colonization of the terminal rectal mucosa requires in-
timin, Tir, and pO157, but not Stx2 (47). The lack of selective
pressure for Stx in cattle may result in stx loss during long-term
persistence in cattle and farm environments as demonstrated by
LII strains from farm R. Alternatively, the absence of Stx may be
favorable for dissemination in cattle as observed on farm X, where
stx2 was inactivated by IS insertion. Stx causes immunosuppres-
sion (48) and enhances LEE activity in bovines (49), which may
not be optimal to this asymptomatic host-microbe interaction.
To our knowledge, this is the first study that details the evolution
ofE. coliO157:H7 and Stx encoding prophage in a natural host and an
environmental setting (i.e., a dairy herd). Although Stx2 is involved in
human pathogenesis, Stx2 appears dispensable for the long-term per-
sistence of E. coli O157:H7 in the bovine and farm environments.
Genetic events (e.g., deletion and IS insertion) responsible for inacti-
vation of Stx2 phage were elucidated that explain the variability in Stx
production by bovine E. coliO157:H7. The emergence of Stx2-nega-
tiveE. coliO157:H7 may be part of an evolutionary step toward com-
mensalism in bovines. Additional investigations of sequential isolates
of E. coli O157:H7 from cattle and other sources will determine
whether the evolutionary pattern of prophage and stx inactivation is a
general or bovine-specific process.
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